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Abstract 
Each year, several million tons of dimethylsulfoniopropionate (DMSP) are produced by marine 
phytoplankton and bacteria as an important osmolyte to regulate their cellular osmosis. 
Microbial breakdown of DMSP to the volatile gas dimethylsulfide (DMS) plays an important 
role in global biogeochemical cycles of the sulfur element between land and the sea. 
Understanding the enzymes involved in the transformation of DMSP and DMS holds the key 
to a better understanding of oceanic DMSP cycles. Recent work by Shao et al (2019) has 
resolved the crystal structure of two important enzymes, DmdB and DmdC, involved in DMSP 
transformation through the demethylation pathway. Their work represents an important step 
towards a systematic understanding of the structure-function relationships of DMSP 
catabolizing enzymes in marine microbes.   
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Dimethylsulfoniopropionate (DMSP) is arguably the best studied organosulfur compound 
which is produced by marine phytoplankton and bacteria. This is not least due to DMSP and 
dimethylsulfide (DMS), the volatile product of its degradation, being central to the CLAW 
hypothesis. This hypothesis states that the emission of DMS into the atmosphere and its 
oxidation to sulfate aerosol affect cloud nucleation leading to an increase in planetary albedo, 
which decreases solar irradiance and/or surface temperature, which in turn could exert a 
negative feedback on the growth of phytoplankton and hence the production of DMSP in the 
surface ocean (Charlson et al., 1987). Although the CLAW hypothesis is oversimplified as it 
becomes increasingly clear that the sources of oceanic CCN not only includes DMS-derived 
sulfate particles but also a range of organics and inorganics (Quinn & Bates, 2011), it has 
catalysed the collaboration of oceanographers, microbiologists and structural biologists which 
has led to an ever increasing understanding of the biological controls of DMSP catabolism in 
the oceans.  
 
In the marine water column, DMSP can be catabolised through two major pathways, the 
demethylation pathway and the cleavage pathway (Figure 1). The demethylation pathway 
sequentially removes methyl groups from DMSP, resulting in the formation of acetaldehyde, 
which can be further oxidised to acetate, and methanethiol (Reisch et al 2011). This pathway 
is found in many ecologically important and numerically abundant marine bacteria, notably the 
SAR11 clade Pelagibacter spp. and the Roseobacter clade (reviewed in Curson et al., 2011).  
 
The cleavage pathway, on the other hand, produces DMS as a product, and a diverse group 
of enzymes has been found to have this activity. Five of the DMSP lyase enzymes (DddK, 
DddQ, DddL, DddW and DddY) have a characteristic cupin motif, a metal-binding -barrel 
comprised of three histidines and a glutamate residue (Lei et al., 2018). Crystal structures of 
three of these enzymes, DddQ, DddK and DddY (Table 1), have been resolved recently (Li et 
al., 2014; Brummett & Dey, 2016; Schnicker & Dey 2017; Li et al., 2017a). These cupin family 
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DMSP cleavage enzymes appear to be abundant in the marine environment and have been 
found in many marine bacteria, including Pelagibacter spp. and Roseobacters.  
 
In addition to the cupin-motif DMSP lyases, at least three other DMSP cleavage enzymes 
have been identified to date, including DddD belonging to the CoA transferase family, DddP 
of the metallopeptidase family, and the algal Alma1 of the aspartate/glutamate racemase 
family (Alcolombri et al., 2015). Of the latter three non-cupin DMSP lyases, only the crystal 
structure of DddP is known (Table 1), although a model based on homology modelling for 
DddD has been successfully obtained (Alcolombri et al., 2014). DddP has a binuclear metal 
centre comprised of iron and another metal of choice (Hehemann et al., 2014; Wang et al., 
2015).  The dddP gene is widely present in many marine bacteria, notably the cosmopolitan 
marine SAR116 clade (Choi et al., 2015).  
 
The first demonstration of microbial DMSP demethylation to methylmercaptopropionate 
(MMPA) and the suggestion of a DMSP demethylation pathway were based on analysis of 
DMSP degradation in anoxic marine sediments by Kiene and Taylor (1988). The gene 
encoding the DmdA enzyme that demethylates DMSP to methylmercaptopropionate (MMPA) 
was identified more than ten years ago (Howard et al., 2006). Further studies of the 
biochemistry and enzymology of DMSP demethylation identified the enzymes DmdB, DmdC 
and DmdD, catalysing the subsequent three steps of the DMSP-demethylation pathway; 
metagenomic data showed that these genes were widespread in marine bacterioplankton 
(Reisch et al., 2011). DmdA catalyses the initial step of DMSP demethylation, removing one 
methyl group and conjugating it to the C1 acceptor tetrahydrofolate (THF). DmdA belongs to 
a larger C1-conjugating glycine-cleavage T protein (GcvT) family, which includes other 
microbial osmolyte-catabolizing enzymes such as trimethylamine oxide demethylase (Tdm) 
(Zhu et al., 2014). Structural elucidation of DmdA confirms that this enzyme shares a tri-
domain tertiary structure similar to that of GcvT and that the THF binding residues are highly 
conserved (Schuller et al., 2012).   
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The work presented in this issue by Shao et al., (2019) significantly advances our 
understanding of how MMPA is further catabolized by two enzymes in this pathway:  DmdB, 
an ATP-dependent CoA ligase, and DmdC, a flavin-containing CoA dehydrogenase. DmdB 
shows high similarity to bacterial short-chain fatty acid CoA ligases—and, remarkably, the two 
homologous DmdB proteins of Ruegeria pomeroyi DSS-3 can accept a range of fatty acids as 
substrates (Bullock et al., 2014). The crystal structure of DmdB was obtained in the presence 
of ADP, a competitive inhibitor of this enzyme, and the structure of an inactive Lys523Ala 
mutant was obtained in complex with AMP and MMPA (Shao et al., 2019). DmdB forms an 
asymmetric dimer with ADP bound to one chain while leaving the binding pocket of the other 
chain empty. The lysine residue (Lys523) is strictly conserved in DmdB of both marine and 
terrestrial origins, and it is crucial for enzyme activity. Lys523 plays a dual role in DmdB 
catalysis by forming a hydrogen bond with the substrate MMPA while its side chain interacts 
directly with the phosphate moiety of ADP. The structure of the DmdB/AMP/MMPA complex 
also points to the role of several other residues in substrate coordination—His231, Trp235, 
Gly302 and Pro333—mutants of which all exhibit significantly diminished DmdB activity. 
DmdB appears to adopt a two-stage sequential binding of its substrates. Binding of ATP leads 
to a conformational change from the open conformation, leading to the subsequent interaction 
with MMPA, which acts a nucleophile to attack the P-O bond between the alpha- and beta- 
phosphate in ATP. This intermediate is then ready to accept the coenzyme, and a further 
rotation in the C-terminal domain with the aid of several residues by stabilizing CoA resulted 
in the formation of MMPA-CoA. Such a conformational change and C-terminal domain rotation 
during catalysis appears to be common in other enzymes of this family.  
 
Shao et al., (2019) also resolved the structure of the next enzyme in this pathway, DmdC. This 
enzyme belongs to the CoA dehydrogenase family (Reisch et al., 2011); members of this 
family are best known for their role in β-oxidation of fatty acids.  DmdC appears as a 
homodimer, and each monomer is composed of 4 recognized functional domains. Structural 
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alignment of DmdC with the nematode fatty acid CoA dehydrogenase allowed the 
identification of key residues involved in cofactor (FAD) binding and substrate co-ordination. 
In particular, Shao et al. have identified two key residues, Phe195 and Glu435, that are vital 
for DmdC activity.  These residues are responsible for FAD-binding and MMPA-CoA catalysis, 
respectively. Unsurprisingly, these two residues are strictly conserved in DmdC homologues 
in other bacteria.  
 
Another interesting finding from this study by Shao et al. (2019) is that both DmdB and DmdC 
have significantly higher affinity for their substrates (lower KM values, several mM), compared 
to those of DmdA and DMSP lyases, both of which are responsible for the first step of DMSP 
degradation (Lei et al., 2018). Interestingly, they have previously shown that enzymes 
responsible for downstream metabolism of DMSP degradation, particularly those involved in 
acrylate detoxification, had at least 100-fold higher affinity for their substrates (KM values in 
tens of μM) (Wang et al., 2017). However, one needs to be cautious when comparing these 
KM values since the assays were not performed at the same physiological conditions. It has 
also been argued that such a high mM values of Ddd enzymes may suggest that DMSP may 
not be the bona fide primary substrate for these enzymes at physiological conditions and the 
“true” substrates are yet to be identified. Nevertheless, this work by Shao et al., (2019) further 
strengthens the idea that at least some marine bacteria are capable of regulating DMSP 
catabolism by kinetically regulating enzyme affinity to the substrates in the metabolic pathway.  
 
Although the work by Shao et al. (2019) adds important pieces to the jigsaw of DMSP 
catabolism, the structure-function studies of DMSP-catabolizing enzymes are far from 
complete. Firstly, a high affinity DMSP transporter from these cosmopolitan marine bacteria 
remains to be identified. As the authors have hypothesized previously, a high affinity 
transporter is necessary to uptake and concentrate DMSP from the dilute seawater (usually 
in nM range). It is envisaged that such DMSP transporters, if they exist, would require superior 
affinity to DMSP so that intracellular DMSP concentrations can reach the mM range for DMSP 
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catabolism by either the demethylation pathway or the cleavage pathway (Figure 1). Secondly, 
many of the DMSP cleavage enzymes (DddD, Alma1, DddL, DddW) are yet to be structurally 
resolved. For example, Alma1 is the only known DMSP lyase from eukaryotic plankton, and 
its catalytic mechanism remains to be established. Last but not least, enzymes responsible 
for further oxidation of DMSP degradation products, particularly DMS and methanethiol, are 
yet to be characterized—including the methanethiol oxidase, which produces hydrogen sulfide 
(Eyice et al., 2018), and Tmm, the flavin-containing trimethylamine monooxygenase, which 
co-oxidises DMS to DMSO in marine Roseobacters (Lidbury et al., 2015). Understanding the 
catalytic mechanisms through structural biology, chemical biology and biochemistry would 
help us better understand the physiology of DMSP metabolism in these important marine 
microbes.  
 
 
Acknowledgement 
The work carried out in our groups was supported by the Natural Environment Research 
Council, U.K., through grants NE/I027061/1, NE/M002233/1, NE/R010404/1 and 
NE/L006448/1. We would like to dedicate this highlight to Professor Ron Kiene who sadly 
passed away recently. Ron made many seminal contributions to the field of DMSP cycling. 
His research on microbial degradation of DMSP and related organic sulfur compounds 
remains fundamental to this field and has inspired generations of researchers.  
 
  
 7 
References 
 
Alcolombri U, Laurino P, Lara-Astiaso P, Vardi A, Tawfik DS (2014) DddD is a CoA-
transferase/lyase producing dimethyl sulfide in the marine environment. Biochemistry 
53:5473-5475. 
 
Alcolombri U, Ben-Dor S, Feldmesser E, Levin Y, Tawfik DS, Vardi A (2015) Identification of 
the algal dimethyl sulfide–releasing enzyme: A missing link in the marine sulfur cycle. Science  
348:1466-1469. 
 
Boden R, Borodina E, Wood AP, Kelly DP, Murrell JC, Schäfer H (2011) Purification and 
characterization of dimethylsulfide monooxygenase from Hyphomicrobium sulfonivorans. 
Journal of Bacteriology 193:1250-1258. 
 
Brummett AE, Dey M (2016) New mechanistic insight from substrate- and product-bound 
structures of the metal-dependent dimethylsulfoniopropionate lyase DddQ. Biochem 55:6162-
6174.  
 
Bullock HA, Reisch CR, Burns AS, Moran MA, Whitman WB (2014) Regulatory and functional 
diversity of methylmercaptopropionate Coenzyme A ligase from the 
dimethylsulfoniopropionate demethylation pathway in Ruegeria pomeroyi DSS-3 and other 
Proteobacteria. Journal of Bacteriology. 196:1275-1285. 
 
Charlson RJ, Lovelock JE, Andreae MO, Warren SG (1987) Oceanic phytoplankton, 
atmospheric sulphur, cloud albedo and climate. Nature 326:655-661. 
 
Choi DH, Park KT, An SM, Lee K, Cho JC, Lee JH et al (2015) Pyrosequencing revealed 
SAR116 clade as dominant dddP-containing bacteria in oligotrophic NW Pacific Ocean. PLoS 
One 10(1):e0116271. 
 
Cao HY, Wang P, Xu F, Li PY, Xie BB, Qin QL et al., (2017) Molecular insight into the acryloyl-
CoA hydration by AcuH for acrylate detoxification in dimethylsulfoniopropionate-catabolizing 
bacteria. Front Microbiol. 8:2034. 
 
Cao HY, Wang P, Peng M, Shao X, Chen SL, Li CY (2018) Crystal structure of the 
dimethylsulfide monooxygenase DmoA from Hyphomicrobium sulfonivorans. Acta Cryst 
F74:781-786. 
 
Curson AR, Todd JD, Sullivan MJ, Johnston AW (2011) Catabolism of 
dimethylsulphoniopropionate: microorganisms, enzymes and genes. Nature Reviews 
Microbiology. 9:849-859.  
 
Eyice Ö, Myronova N, Pol A, Carrion O, Todd D, Smith TJ, et al., (2018) Bacterial SBP56 
identified as a Cu-dependent methanethiol oxidase widely distributed in the biosphere. ISME 
Journal. 12:145-160.  
 
Hehemann JH, Law A, Redecke L, Boraston AB (2014) The structure of RdDddP from 
Roseobacter denitrificans reveals that DMSP lyases in the DddP-family are metalloenzymes. 
PLoS One 9(7):e103128. 
 
Howard EC, Henriksen JR, Buchan A, Reisch CR et al (2006) Bacteria taxa that limit sulfur 
flux from the ocean. Science 314:649-652. 
 
Kiene RP, Taylor BF (1988) Demethylation of dimethylsulfoniopropionate and production of 
thiols in anoxic marine sediments. Appl Environ Microbiol 54:2208-2212. 
 8 
Lei L, Cherukuri Kp, Alcolombri U, Meltzer D, Tawfik DS (2018) The 
dimethylsulfoniopropionate (DMSP) lyase and lyase-like cupin family consists of bona fide 
DMSP lyases as well as other enzymes with unknown function. Biochem. 57:3364-3377. 
 
Li CY, Wei TD, Zhang SH, Chen XL, Gao X, Wang P, et al (2014) Molecular insight into 
bacterial cleavage of oceanic dimethylsulfoniopropionate into dimethyl sulfide. Proc Natl Acad 
Sci 111:1026-1031.  
 
Li CY, Zhang D, Chen XL, Wang P, Shi WL, Li PY et al., (2017a) Mechanistic insights into 
dimethylsulfoniopropionate lyase DddY, a new member of the cupin superfamily. J Mol Biol 
429:3850-3862.  
 
Li CY, Chen XL, Zhang D, Wang P, Sheng Q, Peng M et al., (2017b) Structural mechanisms 
for bacterial oxidation of oceanic trimethylamine into trimethylamine N-oxide. Mol Microbiol 
103:992-1003.  
 
Lidbury I, Kröber E, Zhang Z, Zhu Y, Murrell JC, Chen Y, Schäfer H (2016) A mechanism for 
bacterial transformation of dimethylsulfide to dimethylsulfoxide: a missing link in the marine 
organic sulfur cycle. Environ Microbiol 18:2754-2766.  
 
Reisch CR, Stoudemayer MJ, Varaljay VA, Amster IJ, Moran MA, Whitman WB (2011) Novel 
pathway for assimilation of dimethylsulphoniopropionate widespread in marine bacteria. 
Nature 473: 208–211. 
 
Schuller D, Reisch CR, Moran MA, Whitman WB, Lanzilotta WN (2012) Structures of 
dimethylsulfoniopropionate-dependent demethylase from the marine organism Pelagibacter 
ubique. Protein Sci. 21:289-298.  
 
Shao S, Cao HY, Zhao F, Ming P, Wang P, Li CY et al., (2019) Mechanistic insight into 3-
methylmercaptopropionate metabolism and kinetical regulation of demethylation pathway in 
marine dimethylsulfoniopropionate-catabolizing bacteria. Molecular Microbiology, in press. 
 
Schnicker N, De Silva SM, Todd JD, Dey M (2017) Structural and biochemical insights into 
dimethylsulfoniopropionate cleavage by cofactor-found DddK from the prolific marine 
bacterium Pelagibacter. Biochemistry 56:2873-2885.  
 
Tan D, Crabb WM, Whitman WB, Tong L (2013) Crystal structure of DmdD, a crotonase 
superfamily enzyme that catalyzes the hydration and hydrolysis of methylthioacryloyl-CoA. 
PLoS One 8: e63870-e63870. 
 
Wang P, Chen XL, Li CY, Gao X, Zhu DY, Xie BB et al (2015) Structural and molecular basis 
of the novel catalytic mechanism and evolution of DddP, an abundant peptidase-like bacterial 
dimethylsulfoniopropionate lyase: a new enzyme from an old fold. Mol Microbiol 98:289-301.  
 
Wang P, Cao HY, Chen XL, Li CY, Li PY, Zhang XY et al., (2017) Mechanistic insight into 
acrylate metabolism and detoxification in marine dimethylsulfoniopropionate-catabolizing 
bacteria. Mol Microbiol. 105:674-688. 
 
Quinn PK, Bates TS (2011) The case against climate regulation via oceanic phytoplankton 
sulphfur emissions. Nature 480:51-56. 
 
Zhu Y, Jameson E, Parslow RA, Lidbury I, Fu T, Dafforn TR, Schäfer H, Chen Y (2014) 
Identification and characterization of trimethylamine N-oxide (TMAO) demethylase and TMAO 
permease in Methylocella silvestris BL2. Environmental Microbiology 16:3318-3330. 
 
 9 
Table 1 Structural determination of enzymes involved in DMSP catabolism  
 
Protein PDB code Bacterium References 
DMSP demethylase pathway 
DmdA 3TFH Pelagibacter ubique Schuller et al., 2012 
DmdB 6IHK/6IJB Ruegeria lacuscaerulensis Shao et al., 2019 
DmdC 6IJC Roseovarius nubinhibens Shao et al., 2019 
DmdD 4IZB Ruegeria pomeroyi Tan et al 2013 
  
DMSP cleavage pathway 
DddQ 4LA2 
5JSO 
Ruegeria lacuscaerulensis 
Ruegeria lacuscaerulensis 
Li et al., 2014 
Brummett & Dey 2016 
DddP 4B28 
4RZY 
Roseobacter denitrificans 
Ruegeria lacuscaerulensis 
Hehemann et al., 2014 
Wang et al., 2015 
DddK 5TFZ Pelagibacter ubique Schnicker & Dey 2017 
DddY 5XKX Acinetobacter bereziniae Li et al., 2017a 
    
Acrylate degradation   
PrpE 5GXD Dinoroseobacter shibae Wang et al., 2017 
AcuI 5GXE/ 5GXF Ruegeria pomeroyi Wang et al., 2017 
AcuH 5XZD Roseovarius nubinhibens Cao et al., 2017 
  
DMS oxidation 
Tmm 5IPY Roseovarius nubinhibens Li et al., 2017b 
DmoA 6AK1 Hyphomicrobium sulfonivorans Cao et al., 2018 
 The structures of four other known DMSP lyases, DddD, DddL, DddW and Alma1 are 
yet to be characterised.  
  
 10 
 
Figure legend  
 
Figure 1 Key enzymes involved in degradation of dimethylsulfoniopropionate (DMSP). DMSP 
can be synthesized by marine microorganisms and upon release, it can be degraded by two 
pathways.  The demethylation pathway involves DmdABCD and leads to the formation of 
methanethiol, while the cleavage pathway by Ddd enzymes results in the release of climate-
active gaseous dimethylsulfide (DMS) and acrylate (or propionate). DMS can be further 
metabolised by marine microbes.   The structure of two enzymes (Tmm, DmoA) leading to 
further catabolism of DMS have been resolved recently. Because acrylate is toxic to bacteria, 
further detoxification is required, and the structures of several of these enzymes (PrpE, AcuI 
and AcuH) have been resolved recently. Tmm is a trimethylamine monooxygenase which also 
oxidises DMS (Lidbury et al., 2016; Li et al., 2017b), whereas DmoA comprises the large 
subunit of a DMS monooxygenase (Boden et al., 2011; Cao et al., 2018). Those enzymes 
highlighted in orange indicate that their structures have been resolved.  
